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Abstract: This research shows the antifriction and antiwear synergies between a phosphonium ionic
liquid (IL) and f-WS, and {-S5iO, nanoparticles (NPs) as additives of a base oil with low viscosity
(PAO6). Mass concentrations of 0.1 wt% nanoadditives and 1% IL were selected to formulate the
nanolubricants. Pure sliding and rolling—sliding friction tests were performed at 120 °C, finding
great friction reductions in comparison with the PAO6 base oil, specifically for the double hybrid
nanolubricant (PAO6 + 1 wt% IL + 0.1 wt% f-WS, + 0.1 wt% -S5iO;). Regarding the wear produced, the
greatest antiwear behavior was also achieved for the double hybrid nanolubricant (width reduction
of 48% and worn area decrease of 84%). Furthermore, by means of Raman microscopy and roughness
examination of the worn surfaces, it can be proposed that the lubrication mechanism of doubled
hybrid nanolubricants could be supported by the adsorbed tribofilm (IL and {-WS;) as well as the
mending effects (f-WS, and f-SiO,).

Keywords: ionic liquids; nanoparticles; friction; wear

1. Introduction

The worldwide emergence of electric vehicles (EV) in society has caused the need to
develop technology with the aim of obtaining good performance from their systems and
mechanical elements. Electric vehicle manufacturers demand new and improved lubricants
that have specific properties to obtain ideal operation in severe conditions. Among the
requirements demanded in comparison with conventional lubricants, we can highlight
high thermal conductivity, adequate electrical conductivity to isolate and avoid destructive
arcs and optimal lubricant viscosity (low viscosity), since low-viscosity lubricants produce
significant savings of energy by reducing losses due to viscous shear and pumping [1]. For
instance, Gupta [2] estimated the efficiency differences of a Toyota Prius adapted to work
as an EV by using transmission lubricants with different viscosities, seeing that an optimal
vehicle efficiency enhancement of around 17% can be reached by using the lowest-viscosity
transmission oil (Lubrizol ATE, 45 ¢St@40 °C and 9 ¢St@100 °C, from Lubrizol, Wickliffe,
Ohio, USA).

Today, lubricants that have good properties are made up of synthetic base oils since
they have low viscosities, good thermal stability and good lubricity. Taking these facts into
account, it can be said that this type of oil can be considered one of the best alternatives
for the formulation and development of lubricants for electric vehicles. In particular,
polyalphaolefin (PAO)-type base oils are the most used since they have good tribological
performance at high temperatures [3]. Nevertheless, these base oils need additives to
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further increase and optimize their properties as lubricants. Thus, an interesting solution is
to use nanoparticles (NPs) as base oil additives, since they have shown good performance
as antifriction and antiwear additives in different investigations [4-8]. There are numerous
reasons to use NPs as lubricating oil additives, the most notable being their small size,
which permits these particles to enter the contact area and thus cause a positive lubrication
impact. Additionally, good tribological performance has been found for ionic liquids (ILs)
as lubricants [9,10]. Likewise, the addition of NPs as additives to ionic liquid lubricants
can increase their tribological performance [11,12]. Nonetheless, ILs are expensive, and the
recent target is to use ILs as additives [13]. In this regard, ILs with phosphonium cations
have demonstrated excellent performance as additives of different oils for steel/steel
contacts [14,15].

One of the biggest challenges in the formulation of nanolubricants is attaining good
nanolubricant temporal stability, since the NPs tend to sediment in the base oil, especially
when the viscosity of the base oil is low. It is well known that ILs can also act as dispersants,
improving the temporal stability of the nanolubricants [16]. By combining the required
properties of ILs and NPs, improved stability and better efficiency can be reached [17-20].
These hybrid formulations of NPs and ILs as lubricant additives can exhibit interesting
positive antifriction and antiwear synergies [21-25]. For instance, Upendra et al. [24]
studied the tribological characteristics of a phosphonium IL with Al,O3, CuO and SiO; NPs
as additives of a mineral base oil. They found interesting tribological synergies between
the IL and NPs. Furthermore, Kumar and Garg [26] found interesting synergies between
three different ILs and TiO, NPs as hybrid additives of rice bran oil.

Research on the combined impacts of ILs and NPs as oil additives is still insufficient,
especially in the case of low-viscosity lubricants. In this study, to increase information on
the collective effects of ILs and NPs as lubricant additives, the authors studied the synergies
of trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate [P ¢ 6,14][ DEHP], with two
different functionalized NPs: tungsten disulfide, f-WS,, and silicon dioxide, {-SiO,, as
additives of a base oil with low viscosity (PAO6). The tribological synergies between the IL
and each NP (hybrid nanolubricant) were analyzed, as were the synergies between the IL
and both NPs in the same lubricant formulation (double hybrid nanolubricants).

In this research, PAO6 was chosen as the base oil given its low viscosity and also its
good lubricant properties. Regarding the nanoadditives, both {-WS; and f-5iO, NPs are
widely used as lubricant additives in traditional base oils (not low viscosity), showing very
good tribological results, both in friction and wear [27-30].

Thus, from an engineering point of view, this research could contribute to the devel-
opment of low-viscosity lubricants optimized to use as transmission fluids, since com-
mercial automatic transmission lubricants are currently still being used in this type of
vehicle; therefore, the authors consider that this research is important for developing
potential lubricants.

2. Materials and Methods

Figure 1 displays a diagram with the experimental methodology carried out in
this research.
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Figure 1. Schematic diagram with the experimental procedure of this research.
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2.1. Base Oil and Additives

The base oil used in this research, polyalphaolefin 6 (PAO6), was provided by Repsol
(Madrid, Spain). A sample of this base oil has a dynamic viscosity and density at 313.15 K
of 14.25 mPa.s and 0.8033 g-cm 2, respectively. PAO6 was earlier characterized by some
techniques like infrared spectroscopy (FTIR) and Raman spectroscopy, where the typical
peaks of alkyl C-C chains, as well as the bending and stretching of C-H, were observed [31].

The ionic liquid trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate
[Pe,6,6,14][DEHP] (CAS-1092655-30-5), was used as a PAO6 base oil additive. This IL was
provided by Iolitec (GmbH, Heilbronn, Germany) and has a purity >0.98. This IL was
earlier characterized by means of FTIR and Raman spectroscopy [22]. Concerning the
nanoadditives used in this research to formulate the PAO6 nanolubricants, two function-
alized nanoparticles (from US Research Nanomaterials) were used: tungsten disulfide
NPs coated with mineral oil (f-WS,) with a 99.9% purity and a density of 7.5 g/ cm?® and
silicon oxide NPs (f-S5iO;, surface coated with 3—4 wt% KH550) with a purity of 96% and
a density of 2.4 g/cm3. Furthermore, both NPs were characterized via many techniques.
Thus, transmission electron microscopy (TEM) was utilized to study the shape and size
of both NPs. Figure 2 exhibits the TEM images of the NPs used as additives and the NP
size distribution for each nanoadditive. It can be observed that {-WS, NPs have a spherical
shape and an average size of around 10 nm. As for f-5iO, NPs, a spherical flaky shape can
be observed, and the obtained average particle size is around 15 nm.
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Figure 2. TEM characterization of (a) f-5iO, and (b) f-WS, nanopowders.
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Furthermore, FTIR was employed to identify the typical bonds in f-WS, and {-5i0O,
NPs. Figure 3 displays the FTIR spectra of f-WS; and {-5i0, NPs. Displaying the spectrum
of f-WS,, Figure 3a reveals a vibrational band around 3400 cm !, which could be linked
to atmospheric -OH. Another band around 2905 cm~! could be ascribed to the typical
bending vibration of W-5 [32]. Likewise, the band that figures at 1630 cm ! could be linked
to the stretching vibration of O-H groups [33]. Additionally, the band placed at 1050 cm ™!
occurs owing to the S-S bond [33]. Concerning the spectrum of {-5iO, NPs, Figure 3b
shows the characteristic bands of SiO, [34]. An intense band around 1100 cm ™! is related
to the stretching vibration of Si-O, and two other bands around 450 cm~—! and 810 ecm™!
are associated with the bending vibration of Si-O. The small bands around 1700 cm ! are
characteristic for carbonyl groups C=0. This band implies the existence of a silane coupling
agent on the SiO, NP surface [35].
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Figure 3. FTIR spectra of (a) f-WS, and (b) {-SiO, NPs.

Raman spectroscopy was also used to characterize the different functional groups of
both NPs. Hence, the Raman spectrum of f-WS, NPs, in Figure 4a, displays the two typical
peaks of E2g and Alg, located between 350 cm~! and 400 cm !, which are correlated to the
in-plane vibrational mode of the S and W atoms and out-of-plane S atoms, respectively [36].
Concerning the f-5i0, NPs, the Raman spectrum, shown in Figure 4b, displays bands at
970 and 605 cm ™!, which are ascribed to the stretching mode of surface Si-OH and the D2
defect mode [37].
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Figure 4. Raman spectra of (a) f-WS; and (b) f-5i0p NPs.

2.2. Preparation and Stability of Nanolubricants

Five nanodispersions were prepared apart from a mixture of PAO6 base oil and
trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate (IL) with a mass concentration
of 1 wt% IL. The conventional two-step procedure was utilized to formulate non-hybrid
potential nanolubricants:

1.  PAO6 + 0.1 wt% f-WS,.
2. PAO6 + 0.1 wt% £-5i05.

Furthermore, to formulate the hybrid and double hybrid potential nanolubricants, the
NPs were added to the IL, and then this mixture was mechanically mixed by means of an
agate mortar for 10 min and then blended with the PAO6 base oil:

3. PAO6+1wt%IL + 0.1 wt% £-WS,.
4. PAO6 + 1 wt% IL + 0.1 wt% £-SiO,.
5. PAO6 + 1 wt% IL + 0.1 wt% £-WS, + 0.1 wt% £-SiO,.

All nanodispersions (non-hybrid, hybrid and double hybrid) were homogenized
for 4 h with an ultrasound bath, operating in the continuous mode (180 W and 37 kHz).
Additionally, the mass of the NPs was measured in a Sartorius balance (model MC 210P and
readability of 0.01 mg). The weight concentrations of NPs and ILs was selected according to
the improved tribological performances reached in our prior articles [19,23,25]. Moreover,
the stability of the above formulated potential nanolubricants was studied by means of
sediment photograph capturing. Thus, Figure 5 shows the temporal stability of the above
mentioned nanolubricants. It can be clearly seen that, for non-hybrid nanolubricants, the
NPs tend to sediment after two weeks of nanolubricant formulation, whereas in the case of
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hybrid and double hybrid nanolubricants (containing IL), the precipitation does not occur.
This fact may be due to the presence of the IL, which could act as a dispersant.

1wt% IL+ 0.1 1wt% IL+ 0.1 1 wt% IL+ 0.1 wt% f-
0.1wt% f-ws2 0.1 wt% f-Si02 wt% f-Ws, wt% f-5i0, WS, + 0.1 wt% f-Si0,

Just after
preparation

Two weeks
later

Figure 5. Temporal stability of PAO6-based nanolubricants (in the red square the sedimentation of
the NPs).

2.3. Tribological Tests: Pure Sliding

Tribological friction tests with PAO6 base oil and all the dispersions mentioned above
were performed with the Anton Paar MCR 302 rheometer coupled with a T-PTD200 tri-
bology cell (Graz, Austria). This tribological device has a Peltier hood H-PTD 200 used to
control the temperature. Regarding the test setup, a ball-on-three-pins configuration was
chosen. More information regarding the disposition can be found in previous work [38].
The upper specimen, the ball, has a 12.7 mm diameter and a roughness of 0.04 pm (Ra), but
the pins exhibit sizes of 6 mm in both diameter and height and a roughness of 0.08 um (Ra).
Pins and balls are of hardened 100Cr6 steel with a hardness of 62-66 Rockwell C. The
test conditions corresponded to a boundary lubrication regime according to the lambda
ratio calculated with the Hamrock and Downson formula [39] (A value of 0.06). It should
be considered that around 1.3 mL of each sample lubricant is needed to fully flood the
pins. Three different replicates were performed for each sample lubricant to attain good
repeatability. Regarding the test conditions, they were carried out with a sliding speed of
0.10 m/s, tribological force of 9.43 N in each pin and a testing temperature of 393.15 K. The
generated wear in the pure sliding friction tests was quantified through an exhaustive 3D
optical profilometer Sensofar S-Neox in different ways: wear scar diameter (WSD), wear
track depth (WTD) or worn area, achieving a suitable comparison of the wear formed by the
PAO6 base oil and by the non-hybrid, hybrid and double-hybrid nanodispersions. Further-
more, this profilometer was also employed to determine the worn surface roughness (Ra
and Rq, through ISO4287 standard) of pins, and therefore, it helped with understanding the
antiwear competence of each lubricant. Finally, the Raman WITec alpha300R+ microscope
was also used in order to identify the wear mechanisms that can occur with nanolubricants
and, in this way, to know how both NPs and the IL can help reduce wear and/or friction.
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2.4. Rolling—Sliding Friction Tests

To study the antifriction behavior in different lubrication regimes with the PAO6
base oil and the above mentioned nanodispersions, a ball-on-disc EHD2 device from PCS
Instruments (London, UK) was utilized. For these studies, the metal contact pair is formed
by a carbon chrome steel ball (19.05 mm diameter) and a disc of carbon chrome steel. Both
specimens are driven with two different electric motors to complete the tests under rolling—
sliding. More details concerning this tribological apparatus can be seen in prior articles [38].
The tribological tests were carried out under completely flooded lubrication (about 150 mL
of lubricant sample) at a 393.15 K operating temperature, a 50 N load (maximum Hertz
pressure of 0.7 GPa) and a 5% slide/roll ratio (SRR):

(udisc — uball)

SRR(%) =2 x
( ) (Udisc + Uball)

x 100 1)
Ulisc and Uy, are the disc and ball speeds at the tribological contact point, respectively,
whereas the entrainment speed (Us) is

g — (Yaisc er Ubair)

)

To evaluate the friction behavior in different lubrication regimes, three different discs
were employed (two rough and one smooth). The same speed conditions (0.05 to 2 m/s
ramp) were used for each tribological friction analysis. The friction coefficient was estimated
as the mean of those determined from two tribological analyses: the first with an increasing
ramping speed and the second one with a decreasing speed. The properties of tribological
specimens (Table 1) were supplied by the provider.

Table 1. Principal physical properties of discs and ball utilized in tribological tests.

Parameters Steel Ball Steel Discs

Smooth Rough1 Rough 2
Elastic modulus/GPa 210 210 210 210
Poisson coefficient/GPa 0.29 0.29 0.29 0.29
Diameter/mm 19.05 100 100 100
Surface roughness, Rq/nm 20 20 100 300
3. Results

3.1. Friction and Wear Findings under Pure Sliding Tests

The mean friction coefficients observed for the base oil and the different dispersions
studied under pure sliding are shown in Figure 6 and Table 2. As can be seen, for all
the formulated lubricants, friction was considerably reduced compared to the PAO6 base
oil, highlighting the great reductions produced for the hybrid- and double-hybrid-type
nanolubricants. In particular, the best antifriction performance was observed for the double
hybrid nanolubricant (PAO6 + 1 wt% IL + 0.1 wt% f-WS, + 0.1 wt% £-5iO,) with a mean
friction coefficient of 0.1154, whereas the one achieved for the PAO6 base oil was 0.1542,
which implies a greatest friction decrease of 25%. Therefore, it can be suggested that the
combination of the different lubricant additives (double hybrid), both NPs (f-WS, and
£-5i0,) and the IL, generated an antifriction synergy between them, which implies a good
tribological performance in comparison with the non-hybrid and hybrid lubricants. Contact
aging is an important phenomenon in tribology, with impacts ranging from the nanoscale
to the macroscale [40,41]. Thus, when contact is kept stationary for some time, the force
required to initiate sliding is usually bigger than the sliding friction, as contact aging is the
transition from sliding to static friction. In this case, due to the presence of NPs and ILs,
contact aging could be modified, implying a friction reduction.
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Figure 6. Mean friction coefficients (1) attained with PAO6 and formulated lubricants.

Table 2. Mean coefficients of friction, 1, and mean parameters of wear: width (WSD), depth (WTD)
and area with their standard deviations for the studied lubricants based on PAOS6.

Lubricant u o WSD/mm o/mm WTD/mm o/mm  Area/mm? o/mm?
PAO6 0.1542 0.0026 435 10 2.60 0.19 806 65
+0.1 wt% f-WS, 0.1238 0.0018 413 12 1.74 0.32 515 49
+0.1 wt% f-5i0, 0.1231 0.0011 345 11 1.77 0.24 389 44
+1 wt% IL 0.1227 0.0012 367 17 1.94 0.43 485 53
+0.1 wt% f-WS, + 1 wt% IL 0.1191 0.0017 238 14 0.727 0.11 139 26
+0.1 wt% £-Si0p + 1 wt% IL 0.1218 0.0013 251 13 0.667 0.15 129 18
+01 wtt £WS, + 0.1 wt 0.1154 0.0010 225 12 0.668 0.10 126 12

£-Si0; + 1 wt% IL

Regarding the wear created in the pins after the pure sliding tests, it can be seen
in Figure 7 and Table 2 that all formulated sample lubricants presented a better anti-
wear performance compared to unadditivated PAO6 for all the wear parameters. It is
particularly extraordinary that the double hybrid nanolubricants (PAO6 + 1 wt% IL +
0.1 wt% f-WS; + 0.1 wt% £-5i0;) reached the best antiwear behavior (Figures 7 and 8),
with reductions of 48%, 74% and 84% for width, depth and area, respectively, compared
with the PAOG6 base oil. This fact indicates that, for the friction performance, the com-
bination of the different lubricant additives (double hybrid) led to an important tribo-
logical synergy that suggests a good tribological performance compared to the base
oil and the other lubricants. It should be noted that, for all the nanolubricants, an im-
portant wear reduction was also achieved in comparison to the base oil, especially for
the hybrid nanolubricants (PAO6 + 1 wt% IL + 0.1 wt% f-WS; and PAO6 + 1 wt% IL +
0.1 wt% £-5iOy).

500 1000

£ ~
2 £
~ ES
o ~
1 400
ES I g
<
4 200
. . . . . 0
PAO6 +01wt%hf-  +0.1wtkhf- +1wt%IL +0.1wt%hf-  +01wthf  +0.1wthf-
Ws2 Sio2 WS2 + 1 wt% ILSiO2 + 1 wt% IL WS2 + 0.1 wt%

f-Si02 + 1 wt%
IL

Figure 7. Wear scar diameters and areas of wear produced after tribological tests.
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PAOG + 1 Wt% IL + 0.1 wt% f-
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Figure 8. Three-dimensional worn profiles obtained with PAO6 and the optimal nanolubricant
(double hybrid).

Roughness analyses (Ra and Rq) on worn surfaces tested with the different formulated
lubricants were carried out, and they are presented in Table 3. It can be observed that the
obtained roughness values for all the formulated nanolubricants are lower in comparison
with the PAO6 base oil. Furthermore, the minimal roughness values were found for the
double hybrid nanolubricant (PAO6 + 1 wt% IL + 0.1 wt% f-WS; + 0.1 wt% {-SiO;) with a
roughness drop of around 25%. This evidence indicates that, owing to the synergy between
ILs and NPs in the contact, a more consistent surface could be observed after the pure
sliding tests.

Table 3. Mean roughness values, Ra and Rq, with their uncertainties, o, in worn pins studied with
all lubricants.

Lubricant Ra/nm o Rg/nm o

PAO6 11.2 1.4 15.3 2.4

+0.1 wt% £-WS; 11.1 1.2 14.7 2.3

+0.1 wt% £-SiO, 10.1 1.1 14.0 1.9

+1 wt% IL 11.2 1.3 15.2 2.5

+0.1 wt% £-SiO; + 1 wt% IL 9.3 1.1 13.2 1.8
+0.1 wt% £-WSp + 1 wt% IL 9.8 1.4 13.9 1.7

+0.1 wt% f—W52 + 0.1 wt%

£-8i0, + 1 Wt% IL 8.5 1.2 12.1 1.4

With the objective of understanding the role that NPs and IL play in the obtained
friction and wear improvement, surface analysis was performed through Raman mapping
of the worn surfaces achieved after the tribological friction tests. First, the Raman spectra
of all the elements of PAO6-based nanolubricants (PAO base oil [42], the different NPs
(Figure 4) and IL [22]) were collected to see the lubricant components in the mapping and
therefore their distribution. So, mapping of the worn pins tested with the nanolubricant
with the best antifriction and antiwear performance (PAO6 + 0.1 wt% f-WS; + 0.1 wt%
£-5i0; + 1 wt% IL) was performed with a WITec alpha300R+ confocal Raman microscope
(532 nm). Hence, Figure 9 reveals the Raman mapping of the worn pin tested with the
PAOG6 + 0.1 wt% £-WS; + 0.1 wt% £-SiO, + 1 wt% IL double hybrid nanolubricant. As can be
seen in the Raman scheme, important areas in blue that are placed along the sliding furrows
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coincide with the IL Raman spectrum. Furthermore, cyan and green areas that coincide
with the f-WS; and {-5i0, Raman spectra, respectively, also appear in the Raman mapping.
Regarding the f-WS, areas, it seems that some of them also appear in the sliding furrows
direction. These facts suggest that tribofilm formation could occur due to the presence
of IL, that small tribofilm formation and mending tribological mechanisms could happen
on the worn surface due to -WS; nanoparticles and finally that the presence of f-5iO,
nanoparticles could lead to the occurrence of mending. These results are also supported
by the previously shown roughness evaluation, where the roughness of the worn surface
lubricated with the double hybrid nanolubricant was quite small in comparison with that
obtained with the base oil without additives. In particular, the Ra inside the wear track
lubricated with PAOS8 has a value of 11.2 nm, whereas the one lubricated with the double
hybrid nanolubricant has a Ra value of 8.5 nm, which indicates a roughness reduction of
around 25%. These facts confirm that both NPs can cover the defects of the surface pins
and act through a mending mechanism.

sio,

cepats,
480 490 500 510 520 530 540

U\AMMMW”\

500 1000 1500

2000 2500 3000 3500
rel. tfem

8.
: PAOA L . ws,

240
2

I
i
ccpats,
120 180
ccpats

Figure 9. Raman mapping of worn surface tested with the optimal nanolubricant (+0.1 wt% f-WS; +
0.1 wt% £-5i0; + 1 wt% IL).

3.2. Results of Rolling—Sliding Tests

Rolling-sliding friction analyses for the PAO6 base o0il and hybrid and double hybrid
nanolubricants were also carried out at 120 °C. The sliding tests had an SRR of 5%, allowing
for the completion of the Stribeck curves (Figures 10 and 11). The Stribeck curves were
displayed by charting the friction coefficient versus the specific film thickness, A, which is
calculated as follows:

A=l

- % ()

where /i is the theoretical central film thickness and Rq is the composite mean roughness of
the two tribological surfaces (disc and ball) given by

Rg = \/(quisc)z + (Rayp)*. 4)
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Figure 10. Stribeck curves of PAO6 and hybrid and double hybrid nanolubricants tested at 120 °C for
the discs with different surface roughnesses: (a) smooth disc, (b) rough disc 1 and (c) rough disc 2.
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Figure 11. Full Stribeck curves of PAO6 (red) and double hybrid nanolubricant (blue) tested with the
three discs at 120 °C and 5% SRR.

Regarding h; at 120 °C, it was estimated through the Hamrock and Downson’s equa-
tion [43]. It should be noted that, for the approximation of /;, the pressure—viscosity
coefficient of PAO6 was utilized [44]. Furthermore, the viscosities of the nanolubricants
and base oil were measured up to 100 °C by means of a Stabinger SVM3000 viscome-
ter from Anton Paar (Table S1). Additionally, to correlate the measured viscosities, the
Vogel —Fulcher—Tammann equation [44] was used to reach the dynamic viscosity of the
nanolubricants and the PAO6 base o0il at 120 °C, since the viscosimeter was not allowed to
measure viscosities at temperatures higher than 100 °C.

All the achieved Stribeck curves are drawn in Figures 10 and 11 for the hybrid (PAO6 +
0.1 wt% f-WS; 1 wt% IL and PAO6 + 0.1 wt% £-SiO; + 1 wt% IL) and double hybrid
(PAOS6 + 0.1 wt% £-WS, + 0.1 wt% f-SiO, + 1 wt% IL) nanolubricants and PAO6 with the
three discs with different roughnesses (Table 1). Figure 9 shows individually the friction
behavior of the tested lubricants for each tried disc with different roughness surfaces.
It can be obviously observed that the reached coefficients of friction were considerably
reduced for the hybrid and double hybrid nanolubricants in relation to the PAO6 base oil.
Particularly, the best antifriction behavior was achieved for the double hybrid nanolubricant
for all the discs tested (Figure 10). The results in Figure 10 for each different disc are very
important, since it can be seen that, for high specific film thicknesses (high speeds), the
friction coefficient was reasonably comparable for all the nanolubricants and the PAO6
base oil. On the other hand, at quite low speeds (boundary lubrication), the effect of the
NPs and IL addition was fundamental, helping to considerably decrease the friction, and
the hydrodynamic effect was irrelevant.

Figure 11 shows the full Stribeck curve (three discs) for the PAO6 base oil and the
optimal antifriction nanolubricant (PAO6 + 0.1 wt% f-WS, + 0.1 wt% £-SiO; + 1 wt% IL).
As was assumed, in the rolling friction tests, the friction coefficient increased when the
roughness of the discs rose, (Figure 11). It is well known that a full Stribeck curve is
separated into different lubrication regimes: boundary, mixed, elastohydrodynamic and
hydrodynamic, and full film lubrication. Based on different standards in the bibliography,
boundary lubrication is determined when A < 1, mixed lubrication is determined when
1 < A <3, elastohydrodynamic lubrication (EHL) is determined when A > 3, and full film
lubrication is determiend when A > 5. Based on the results found in Figure 11, the reached
A values occur between a minimum of around 0.02 (for the roughest disc) and a maximum
of about 1.9 (the disc with minimal roughness). Accordingly, boundary film lubrication
happened for all the discs studied, whereas mixed and full film lubrication specifically
happened for the smoothest disc and at elevated speeds.
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It should be noted that the wear generated in the disc and balls during these rolling—
sliding tests could hardly be measured because it is practically non-existent due to
small sliding.

4. Discussion

In this section, a discussion about the tribological mechanisms obtained in the pure
sliding tribological tests is presented. The steel surfaces used as a tribopair (100Cr6 steel)
in the pure sliding tests in this research were more chemically reactive than other metallic
alloys; therefore, the decomposition of the IL, owing to the reaction with iron [45], could
occur. The phosphonium IL used as a hybrid additive of lubricants had phosphorous as
both an anion and cation; hence, it was not easy to conclude if the tribofilm formed was from
the decomposition of the cation, the anion or both [46]. Furthermore, owing to the positive
charge made by tribo-stress during tribological tests, anions usually tend to be adsorbed on
the steel surface; therefore, this fact could control the lubricity of the IL [47]. In this vein, ina
similar study carried out by Upendra and Vasu [24], who analyzed the tribological behavior
of a phosphonium IL and three NPs as lubricant additives, they proved that the formation
of a tribofilm rich in phosphate surfaces is responsible for improved triboperformances.

Regarding the other hybrid additive, f-WS,, sulfur shows a significant function in
the interaction between NPs and lubricant elements, since the heat produced by friction
and high contact pressure could lead to a tribochemical reaction between NPs and their
environments (lubricant, contacts. ..) [48]. Therefore, a tribofilm could be created on the
friction worn surface. Here, tribofilm adsorption could be produced by {-WS, NPs, the
lubricant and their chemically bonded elements. A similar effect was reported by Gullac
and Akalin [49], who studied the tribological properties of IF-WS, nanoparticles as engine
oil additives, finding that a thin tribofilm gradually forms on the piston ring surfaces,
verified using Raman spectroscopy. The formation of a tribofilm is the most typical mecha-
nism used to describe the antiwear and friction reduction performance of nanolubricants.
Figure 12 shows a representation of the tribofilm formation in the tribological system used
in this research, allowing for a better understanding of this tribological mechanism. Con-
cerning the {-5i0, NPs, the tribological mechanism of mending obtained in this research
was previously observed for these NPs in different research [21,50]. Thus, Sabarinath
et al. [21], in similar research, evaluated the tribological synergies between two imida-
zolium ILs and SiO; NPs as hybrid additives, finding important enhancements due to the
smaller size of SiO, nanoparticles, which can reduce friction and wear by mending and
self-repairing mechanisms.

» Lubricant

Direct contact Tribofilm

PO ~O—==

P 2 P o,
e R e S
\/

Figure 12. Representation of the tribofilm formation in the tribological pair.
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5. Conclusions

Low-viscosity nanolubricants based on PAO6, a phosphonium IL and functionalized
WS, and SiO, NPs as additives were tribologically studied to find possible synergistic
effects between NPs and IL as additives, reaching the following conclusions:

- Good stability of nanolubricants was observed for the nanolubricants that contain IL,
which acted as a dispersant.

- Friction coefficients reached with hybrid and double hybrid nanolubricants were
smaller than those obtained for the PAOG6 oil for all tribological tests (pure sliding and
rolling-sliding).

- Thebiggest friction reductions in pure sliding tests were achieved for PAO6 + 1 wt% IL +
0.1 wt% f-WS; + 0.1 wt% £-SiO, with a maximum friction reduction of 25%, therefore
observing antifriction synergies.

- All the tested nanolubricants exhibited enhanced antiwear performance in comparison
to PAO6. The PAO6 + 1 wt% IL + 0.1 wt% f-WS, + 0.1 wt% £-SiO, nanolubricant
achieved the best antiwear performance, with width and area reductions of 48% and
84%, respectively.

- The roughness of worn surfaces lubricated with the double hybrid nanolubricant was
quite low in comparison with that tested with the base oil without additives, with a
roughness reduction of around 25%.

- From the Raman mappings and roughness evaluations of worn pin surfaces studied in
pure sliding conditions, it is proposed that the tribological mechanism of lubrication
for double hybrid nanolubricants could be supported by the adsorbed tribofilm (IL
and f-WS;) as well as the mending effects (f-WS; and {-5i0O,).

- Concerning the rolling-sliding tests, NPs and IL played a crucial role in the extreme
boundary lubrication regime, considerably reducing the friction coefficient.

- The developed low-viscosity nanolubricants with excellent antifriction and antiwear
properties were found as potential transmission fluids for the EV industry.
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